Using a GO-NOGO response inhibition task in which working memory (WM) demands can be varied, we demonstrate that the compromised abilities of cocaine users to exert control over strong prepotent urges are associated with reduced activity in anterior cingulate and right prefrontal cortices, two regions thought to be critical for implementing cognitive control. Furthermore, unlike drug-naive controls, and opposite to the anterior cingulate pattern, cocaine users showed an over-reliance on the left cerebellum, a compensatory pattern previously seen in alcohol addiction. The results indicate that cocaine users find it difficult to inhibit their own actions, particularly when WM demands, which have been shown previously to increase during cue-induced craving for the drug, are increased. The results reveal a neuroanatomical basis for this dysexecutive component to addiction, supporting the suggested importance cognitive functions may play in prolonging abuse or predisposing users toward relapse.
Introduction
Human drug addiction has come to be viewed as a complex process of the brain (Goldstein and Volkow, 2002) , in which cognitive factors such as the inability to control one's own behavior in light of the strong motivation to consume a drug are considered critical. A recent hypothesis has argued for the role of executive dysfunction in drug addiction (Lyvers, 2000) , in which the effects of cocaine on brain structures that are important to the cognitive control of behavior contribute directly to the addiction process. Repeated use of cocaine is associated with structural (Franklin et al., 2002; Matochik et al., 2003) and metabolic abnormalities in the brain, particularly in prefrontal and midline structures considered important for executive control (Miller and Cohen, 2001) , and chronic cocaine users consistently display neuropsychological impairments on tests of executive function (Ardila et al., 1991; Di Sclafani et al., 2002) .
Recent functional neuroimaging research examined whether the neural changes that accompany cocaine use contribute to executive dysfunction, finding an association between activation changes and greater difficulty with inhibiting a prepotent response (Bolla et al., 2000 (Bolla et al., , 2001 Goldstein et al., 2001; Kaufman et al., 2003) . This effect was particularly evident within the anterior cingulate cortex (ACC), consistent with the postulated effect of cocaine on the mesencephalic dopamine system (which includes the ACC, prefrontal cortex, and orbitofrontal cortex). Cocaine is believed to exert its reinforcing effects by blocking the reuptake of dopamine and increasing its concentration in dopamine receptor-rich regions such as the ACC (Koob and Bloom, 1988) , and repeated exposure to this hyperdopaminergic state may account for decreased dopamine receptor levels in users and, consequently, decreased metabolism (Volkow et al., 1999) .
We hypothesize that the functional changes in the mesencephalic dopamine system that result from chronic cocaine use render the user vulnerable to executive dysfunction. Inhibitory control, as measured by the GO-NOGO task, provides an index of this problem because of the requirement to exert executive control over a prepotent motor response with a neural network of prefrontal and midline [ACC and presupplementary motor area (pre-SMA)] regions. To test this hypothesis further, we adapted a GO-NOGO task to allow for parametric increases in working memory (WM) demands. These demands were of interest because previous studies with cocaine users have suggested that cue-induced ruminative thoughts activate a "WM-like" network of cortical regions (Bonson et al., 2002) and can interfere with WM performance (Grant et al., 1996; Watkins and Brown, 2002; Vreugdenburg et al., 2003) , whereas increasing WM demands are known to negatively impact executive control, seemingly because of the requirement for greater top-down control (Bunge et al., 2001; . Our aim was to examine whether increasing WM demands would have a greater negative impact on cocaine users' inhibitory control, with hypoactivity in regions required for top-down control making users particularly vulnerable to inhibitory failures when greater top-down control was required.
Materials and Methods
Subjects. Fifteen nondrug-using subjects (eight females; mean age, 31; range, 20 -40) and 15 active cocaine users (six females; mean age, 40; range, 22-48) participated in the current study. Educational attainment for the two groups was not significantly different (13.9 vs 11.5 years). All of the subjects were right-handed [as determined by the Edinburgh inventory (Oldfield, 1971) ] and reported no current or past history of neurological or psychiatric disorders or dependence on any psychoactive substance other than cocaine (for user subjects only), caffeine, or nicotine. Subjects were fully informed of the nature of the research and provided written consent for their involvement in accordance with the Institutional Review Board of the Medical College of Wisconsin. Urine samples were taken from all of the subjects to test for drug use, with all of the nondrug subjects returning negative tests for all drugs and active cocaine users returning positive tests for cocaine or the metabolites of cocaine, indicating that they had used cocaine within the past 72 hr. No user displayed overt signs of cocaine intoxication, with the average time since last use reported at 41 hr (range, 12-72 hr). Cocaine user subjects reported using an average of five times per week (range, 1-7) for the past 14 years (range, 5-27 years), spending an average of $252 (range, 25-1000) per week. User subjects who were positive for any drug (on the urine screen) other than cocaine, nicotine, or marijuana were excluded. Twelve individuals from the cocaine user sample reported occasional use of cannabis; the average duration since last use was 15 d, and none had consumed in the 24 hr before scanning. The acute effects of cannabis intoxication on the cognitive performance (including inhibitory control) of occasional users are short-lived (peaking at 2 hr after consumption and lasting up to 8 hr) and are not present after 24 hr (Fant et al., 1998; Curran et al., 2002) , and "light" (once per week) use of cannabis has not been associated with decrements in cognitive test performance (Pope et al., 2001) . Eleven subjects (10 cocaine users and one control) also reported regular use of tobacco (mean, 12.5 cigarettes per day). Subjects were not asked to abstain from cigarette smoking, because nicotine craving could potentially confound the behavioral and imaging data (Brody et al., 2002) .
Behavioral task. Subjects completed a GO-NOGO inhibition task based on our previous work . The WM load inhibitory task (WM-IT) presented a primary inhibitory task, within which a WM load was embedded (Fig. 1 ). To begin the task, subjects were shown a "memory list" of one, three, or five uppercase letters. The memory list was presented for 6 sec and immediately followed by a rehearsal period of 8 sec that presented a white crosshair on a black background. Participants were instructed during the practice session to use this 8 sec period for rehearsal of the items. A series of 60 decision trials then followed, each lasting 1500 msec, including the presentation of a single letter in white font on a black background for 1000 msec and a blank screen for the concluding 500 msec. The subject was trained to press a button for each trial featuring a letter that was not part of the memory list (GO trials) and withhold their response for items that were part of the memory list (NOGO trials). The 60 trials included 53 GO trials and seven NOGO trials, which were pseudorandomly placed throughout each run. The high proportion of GO trials creates a prepotency for the button press response that must be overcome when the subject identifies that a letter belonged to the memory list. The advantage of this design is that participants cannot strategically switch between the two tasks in an attempt to improve performance; rather, they are required to use the contents of WM to successfully exert inhibitory control.
Each subject was administered 18 experimental runs, with six runs per memory list size (one, three, or five items), and a single run composed of the 6 sec encoding period, 8 sec rehearsal period, 60 consecutive 1.5 sec decision trials, and a 30 sec concluding rest interval. The order of runs was identical for each participant, with the sequence of presentation counterbalancing memory load requirements (i.e., 1, 3, 5, 3, 5, 1, 5, 3, 1, etc.) . At the conclusion of every third run, a longer (unscanned) rest period was provided.
During the previous administrations of the task , the final trial of a run was followed by asking participants to recall the letters from the current memory list by typing them on the keyboard. No time limit was imposed for this recall period, and letters could be typed in any order. Performance for Ͼ80 control subjects has indicated average recall for the five item condition to be Ͼ95%. Because of practicalities of magnetic resonance imaging (MRI) administration, this aspect of the task was not administered during the scanner runs of the present study. However, to ensure that group differences between controls' and cocaine users' inhibition performance did not result from poorer WM performance for the latter groups, a subset of cocaine users (n ϭ 7) was administered the "memory-recall" version of the WM-IT. The results indicated average recall for the five item condition of 93.54% for cocaine users.
Functional MRI procedures and analysis. Scanning was conducted on contiguous 7 mm sagittal slices covering the entire brain from a 1.5 T General Electric (Milwaukee, WI) Signa scanner using a blipped gradient-echo, echo-planar pulse sequence [echo time (TE), 40 msec; repetition time (TR), 2000 msec; field of view (FOV), 24 cm; 64 ϫ 64 matrix; 3.75 mm ϫ 3.75 mm in-plane resolution]. High-resolution spoiled gradient-recalled acquisition in a steady state anatomic images (TR, 24 msec; TE, 5 msec; flip angle, 45 o ; FOV, 24 cm; thickness, 1.0 mm with no gap) were acquired after the functional imaging to allow subsequent activation localization and for spatial normalization. Foam padding was used to limit head movements within the coil. Stimuli were back-projected onto a screen at the subject's feet and were viewed with the aid of prism glasses attached to the inside of the radio-frequency head coil. The task was programmed and displayed using E-prime (version 1; Psychology Software Tools, Pittsburgh, PA).
All analyses were conducted using AFNI (analyses of functional neuroimages) software (Cox, 1996) . After image reconstruction, the timeseries data were time-shifted using Fourier interpolation to remove differences in slice acquisition times and motion-corrected using threedimensional volume registration (least-squares alignment of three translational and three rotational parameters). Activation outside the brain was also removed using edge-detection techniques. No subjects showed significant residual motion, thus allowing all 30 to be included. Although the stimulus stream was presented at 1.5 Hz, all events of interest were time locked to the beginning of the 2 sec whole-brain volume acquisition during presentation of the task.
To examine the influence of WM demands on inhibitory control, an event-related analysis was performed that estimated the activation separately for inhibitions during each of the WM load conditions. To do this, separate hemodynamic response functions at 2 sec temporal resolution were calculated using deconvolution techniques for successful response Figure 1. WM load inhibition task design. The design of the task requires participants to withhold a prepotent response to an increasing number of items currently held in WM. At the beginning of the task, a memory list of one, three, or five items was presented. A series of single letters was then presented, and participants were told to press a button if the item had not been part of the memory list (88% of trials) and withhold their response if it had.
inhibitions (STOPS) at each load size (designated STOPS1, STOPS3, and STOPS5). Because of the relatively small number of error events, the deconvolved hemodynamic response for errors of commission (ERRORS) included the errors committed over all load sizes. A nonlinear regression program determined the best-fitting gamma-variate function for these impulse-response functions (Cohen, 1997) as described previously (Garavan et al., 1999) . The area under the curve of the gammavariate function was expressed as a percentage of the area under the baseline. The baseline for this task was the ongoing trial period (GO trials), with the activation for other periods of the task (i.e., encoding, rehearsal, and rest) censored from the analysis. Therefore, the activation observed during these events represents the activation for the events over and above that required for the ongoing trial period (or GO) responses.
The percentage area (event-related activation) voxels were resampled at 1 mm 3 resolution, warped into standard Talairach space (Talairach and Tournoux, 1988) , and spatially blurred with a 3 mm isotropic rms Gaussian kernel. Group activation maps for each load size were determined with one-sample t tests against the null hypothesis of zero eventrelated activation changes (i.e., no change relative to baseline). Significant voxels passed a voxelwise statistical threshold (t ϭ 5.226; p ϭ 0.0001) and were required to be part of a larger 87 l cluster of contiguous significant voxels. Thresholding was determined through Monte Carlo simulations and resulted in a 1% probability of a cluster surviving because of chance. The separate activation maps were then combined, deriving an OR map of STOPS that included all voxels of activation indicated as significant from any of the constituent maps (STOPS1, STOPS3, or STOPS5). The mean activation for clusters in the OR map was calculated for the purposes of a region of interest analysis, and these data were used for a repeated-measures comparison between load size conditions (Table 1) , corrected using a modified Bonferroni procedure for multiple comparisons (Keppel, 1991) . The localization of the activation clusters to cortical regions was based on information provided by the Talairach Daemon in AFNI (version 2.5), although these were rechecked using the singlepoint processing feature on the Talairach Daemon Database (version 1.1) provided by the Research Imaging Center at the University of Texas Health Science Center. The Brodmann designation provided for activation clusters represents the area where the center of mass of a cluster fell, although when visual inspection indicated substantial portions of a cluster falling in other regions, additional designations were provided.
Results
Consistent with previous studies, WM load exerted a negative impact on inhibition (Fig. 2) . Increasing memory load significantly reduced the number of correct inhibitions (F (2,56) ϭ 53.94; p Ͻ 0.01; pairwise comparisons confirmed significant differences between performance at all three load levels) and significantly increased GO reaction time (RT) (F (2,56) ϭ 188.31; p Ͻ 0.0001). A significant group (F (1,28) ϭ 15.03; p Ͻ 0.01) and group by load interaction (F (2,56) ϭ 3.34; p Ͻ 0.05) indicated that the inhibition performance of controls was significantly better than cocaine users, with the advantage increasing with greater WM demands. The absence of group (F (1,28) ϭ 0.42; p ϭ 0.52) and interaction effects (F (2,56) ϭ 1.33; p ϭ 0.27) for GO RT also suggests that the poorer inhibitory performance of users was not the result of differences in response prepotency. Given the group differences in age and gender, a repeated-measures ANOVA examining the influence of these demographic variables on inhibitory control performance was performed, using WM load (three levels) as the within-subjects variable, group (cocaine users vs controls) as the between-groups variable, and both age and sex as covariates. The results supported the original findings of main effects for group (F (1,28) ϭ 11.89; p Ͻ 0.01) and group by load interaction (F (2,56) ϭ 3.26; p Ͻ 0.05). Neither age nor gender significantly mediated the influence of group on behavioral performance.
During correct inhibition events, several regions were found to be sensitive to WM load, including increased activation in the right [Brodmann areas (BAs) 9/6] and left (BA 6) middle frontal gyri, left medial frontal cortex (BAs 6/8/32), left precuneus (BA 7), and anterior (BAs 32/24) and posterior cingulate (BAs 23/31) cortices (Table 1) . Few clusters of activation significantly differentiated control subjects from cocaine users (Fig. 3 A, B) , with greater activation for controls in the ACC, pre-SMA, and right superior frontal gyrus. The importance of ACC activity to behavioral performance was supported by the significant positive correlation (r ϭ 0.44; p Ͻ 0.01) between ACC activity and correct inhibitions during the five item condition of the current study. Positive values for x, y, and z coordinates denote, respectively, locations that are right, anterior, and superior relative to the anterior commissure. Arrows in the Load column represent the direction of activation change for clusters found to be sensitive to increasing WM load for the entire sample (significant at p Ͻ 0.05, corrected). Asterisks represent the three clusters demonstrating significantly greater activation for control subjects when compared with cocaine users. Significant interaction effects are represented with directional arrows for each group that indicates the effect of WM load on activation. HS, Hemisphere; R, right; L, left.
Activity in this region also indicated a significant interaction between group and WM load (F (2,56) ϭ 3.63; p Ͻ 0.05) with the level of activation for control subjects significantly increasing with greater WM demands (F (2,28) ϭ 10.51; p Ͻ 0.001) but remaining static for cocaine users (F (2,56) ϭ 0.64; p Ͼ 0.05).
Accompanying the nonresponsiveness of the ACC for cocaine users was over-responsiveness of their left cerebellum to increasing WM demands. Activity in two clusters in the left culmen (Fig.  3Ci ) and left pyramis (Fig. 3Cii) indicated a significant interaction between group and load (F (2,56) ϭ 4.60, p Ͻ 0.01; F (2,56) ϭ 4.43, p Ͻ 0.01, respectively) with significant increases in cerebellar activity in response to increasing WM demands for cocaine users only. The level of activity in these two cerebellar regions was consequential to inhibitory performance, demonstrating significant negative correlations with performance (r ϭ Ϫ0.54, p Ͻ 0.005; r ϭ Ϫ0.51, p Ͻ 0.005). These correlations persisted when examining just the cocaine user sample (n ϭ 15; r ϭ Ϫ0.47, p Ͻ 0.08; r ϭ Ϫ0.48, p Ͻ 0.07); however, they only approached significance because of the reduced power afforded by the smaller sample size.
Discussion
Consistent with previous studies (Bunge et al., 2001; de Fockert et al., 2001; , increasing WM demands resulted in significantly poorer response inhibition performance and required greater activation in prefrontal and midline regions for success. We have argued previously, on the basis of modeling from authors such as Miller and Cohen (2001) , that the increased WM-related activation of prefrontal regions during inhibition reflects a greater requirement for top-down cognitive control. As the number of items requiring a "withhold" response increases in the present task, more top-down control is required to enact these withholds in the face of a stronger but ultimately taskirrelevant response (the prepotent response). That ACC activity during correct inhibitions also increased with greater WM demands may speak to the proposed reciprocal relationship with prefrontal cortices (MacDonald et al., 2000; Kerns et al., 2004) or indicate that this activity is engaged by particularly difficult executive tasks (Paus, 2001; Garavan et al., 2002) . Interestingly, the present results also provide some support for the recent suggestion from Brass and von Cramon (2004) that the left inferior frontal junction, anatomically separable to prefrontal regions, is critical to cognitive control. During correct inhibitions, a cluster (x ϭ Ϫ39, y ϭ Ϫ1, z ϭ 43) in close proximity to the area identified by Brass and von Cramon (x ϭ Ϫ37, y ϭ 5, z ϭ 32), was found to have greater activation with increasing WM loads.
Cocaine users had significantly greater difficulty responding to the requirement for top-down control, because their responseinhibition performance was significantly poorer than control subjects, an effect that was compounded by greater WM demands. The inability of users to adjust to these demands coincided with static ACC activity, remaining unchanged despite control performance indicating that such an increase is critical to coping with the greater WM demands. The small body of neuroimaging literature examining executive function in cocaine users has previously identified relative hypoactivity in the ACC (Bolla et al., 2000 (Bolla et al., , 2001 Kaufman et al., 2003) , although the present study also found significantly lower activation in the right prefrontal (BA 9) and pre-SMA regions. This pattern would appear to make cocaine users particularly vulnerable to dysexecutive problems, because these regions are commonly implicated in studies of executive function (Carter et al., 1999; Bush et al., 2000; Duncan and Owen, 2000; Paus, 2001; Ullsperger and von Cramon, 2001; Braver et al., 2002) .
The unexpected pattern of cerebellar activation identified during response inhibition, in which cocaine users showed increases and controls showed decreases with greater WM demands, may be consistent with both animal and human studies suggesting that cocaine has a significant influence on cerebellar function. Systemically administered cocaine has been shown to substantially alter the functioning of the rat cerebellum (JimenezRivera et al., 2000) , and the human cerebellum is one of the most sensitive brain regions to cocaine administration (Volkow et al., 2003) . This sensitivity is also increased when the drug is expected (argued to represent a conditioned response), a hypothesis supported by imaging studies indicating cerebellar activation in users exposed to cocaine cues (Grant et al., 1996; Bonson et al., 2002) .
Anatomical, physiological, and functional imaging studies suggest that the cerebellum contributes to higher-order cognitive functions (Raymond et al., 1996; Parkins, 1997; Schmahmann and Sherman, 1998; Desmond, 2001; Heyder et al., 2004) , with discrete damage to the cerebellum resulting in impairment of executive functions and working memory and in personality Talairach coordinates, 25, 48, 26), BA 6; Talairach coordinates, 7, 5, 57) , and left ACC (Bii, BAs 32/24; Talairach coordinates, Ϫ2, 32, 22) . The cortical regions showing significant interactions between load and group include the ACC (Bii) and two regions in the left cerebellum (Ci, Talairach coordinates, Ϫ33, Ϫ49, Ϫ25; Cii, Talairach coordinates, Ϫ12, Ϫ68, Ϫ25).
changes such as disinhibited and inappropriate behavior. Increased cerebellar activity during cognition has also been identified in schizophrenia (Meyer-Lindenberg et al., 2001; Schlosser et al., 2003) , where poor working memory performance was accompanied by patterns of functional connectivity suggesting overreliance on the cerebellum by patients. A compensatory pattern of activity has also been demonstrated in alcoholics, in whom equivalent working memory performance was supported by relative increases in right cerebellar regions (Desmond et al., 2003) , suggested to be supporting reduced activity in the left prefrontal cortex, particularly when task demands were increased. Desmond et al. (2003) highlight that cerebellar activation often occurs in tandem with contralateral frontal lobe activation, consistent with the neuroanatomy indicating contralateral corticopontocerebellar projections within the monkey brain (Brodal, 1979; Schmahmann and Pandya, 1997) .
The hypothesis that the increased left cerebellar activity identified here might compensate for diminished right prefrontal activity in cocaine users does have some support, because the right prefrontal region was the only nonmidline region to show relative hypoactivity in cocaine users. As the greater demands for cognitive control were required in the current task, control subjects increased activation in cingulate and right prefrontal regions, whereas cocaine users, perhaps because of cortical changes, increased activity in the left cerebellum. That this increased cerebellar activity correlated with poor inhibitory performance may not necessarily suggest that it was detrimental; rather, it may indicate that those subjects who found the task most difficult were more likely to activate the cerebellum. The cerebellum has been implicated previously in responding to greater WM loads (Desmond et al., 1997) ; however, it has consistently been a left frontal-right superior cerebellar relationship involved in the articulatory process of verbal working memory. That left cerebellar regions were involved here appears to suggest that this activation was responding not to greater articulatory demands but instead to the greater demands WM load placed on inhibitory control. These increased demands on inhibitory control did require greater right prefrontal activation in controls, a region typically involved in GO-NOGO inhibition tasks (Konishi et al., 1999; Liddle et al., 2001; Garavan et al., 2002; Mostofsky et al., 2003; Rubia et al., 2003) and inhibitory control generally (Aron et al., 2004) . That increased difficulty for inhibition required greater right prefrontal activity would also appear consistent with why cocaine users showed greater left cerebellar activity, if indeed the contralateral compensatory frontal-cerebellar hypothesis is responsible here.
The results of the present study indicate for the first time that the difficulty cocaine users have with inhibitory control, particularly when high levels of cognitive control are required, relates directly to a reduced capacity for modulating activity in the ACC and prefrontal regions. Responding to greater requirements for cognitive control is widely argued to rely on a reciprocal relationship between these regions, with the ACC detecting fluctuations in the need for control that are signaled to the prefrontal cortices for implementation. This relationship would account for cocaine users' difficulty with the current task, because increasing cognitive control requirements appear to have placed greater demands on an already under-responsive monitoring mechanism, which was in turn signaling an impaired right prefrontal cortex to implement a more difficult action.
That cocaine users find it difficult to inhibit their own actions, particularly when WM demands of the type experienced during cue-induced craving for the drug are increased, appears entirely consistent with the sequelae of cocaine addiction. Research suggests that cue-related cocaine craving involves the activation of a network of cortical regions involved in the engagement of attention and that the subsequent ruminations also involve the frontoparietal network seen in WM rehearsal (Grant et al., 1996; Maas et al., 1998; Childress et al., 1999; Garavan et al., 2000; Kilts et al., 2001) . Although the relationship between craving for cocaine and relapse during abstinence is less than straightforward (Miller and Gold, 1994; Bordnick and Schmitz, 1998; Weiss et al., 2001) , users typically report that cravings occur before and during the period of highly ritualized and automatic drug-taking behavior that results from an impulse of unknown origin (Miller and Gold, 1994) . The results of the present study suggest that the effects of cocaine on brain regions critical to cognitive control may directly contribute to the vulnerability of chronic users to these impulsive and automatic behaviors, particularly during periods of craving for the drug.
